Sediment samples were collected in the Gulf of Gdańsk, in northern Poland, as well as in the Oslofjord/Drammensfjord, in southern Norway (Fig. 1) . The sampling took place in the context of a larger Polish-Norwegian Research Programme on "Climate Change Impact on Ecosystem Health -Marine Sediment Indicators" (CLISED, 2014 (CLISED, -2017 , aiming to study climate change effects in the sedimentary record, and connect it to indicators of the marine environment health archived in the sediments. Both basins, albeit different in morphology and boundary conditions, are considered representative of situations not uncommon, in the Northern European Seas, where coastal areas have been heavily affected by significant human activities.
The first study area, the Gulf of Gdańsk, is located in the southern Baltic Sea. The depth of this basin increases seawards, to the Gdańsk Deep (max. depth 118 m) in the north, whereas shallower waters are found in Puck Bay (mean depth 3.1 m) located in the west. Its hydrological conditions are determined by large inflows of freshwater from the Vistula River and infrequent inflows of North Sea water through the Danish Straits. Both the Vistula River and the adjacent GdańskSopot-Gdynia conurbation (region population ~ 1.5 million), exert a significant anthropogenic influence on the Gulf of Gdańsk environment via urban pollution, industrial and agricultural effluents, discharges caused by the ship traffic of two large seaports, nutrient inputs from multiple sources. These factors, together with the variability of salinity (4.5-12.5) and oxygen (from well-oxygenated to hypoxic/anoxic waters) conditions, as well as different sediment grain sizes (from gravels to clay), render the Gulf of Gdańsk a well-suited model basin for studying the fate of contaminants in the marine environment (Lubecki and Kowalewska, 2010) .
The second study area, the Oslofjord, is a northward inlet of the Skagerrak, which connects the North Sea with the Kattegat and the Baltic Sea. It is divided into an inner and outer fjord by the sill at Drøbak Sound. The inner Oslofjord consists of two main basins: the Vestfjord and the Bunnefjord (for both max. depth ~ 160 m). The hydrological conditions of these basins are determined by limited deep water exchange and winter renewal. Due to the high population density (the most populated, ~1.5 million, and industrialized area in Norway) and the immediate proximity of the large seaport, the Oslofjord has been exposed to heavy maritime activities and to the input of large amounts of wastewater and nutrients. On the west side, the outer Oslofjord is connected to the Drammensfjord by a sill at Svelvik. For decades, increasing population and intensive agriculture in the drainage area, as well as industrial and sewage discharges, have contributed to high pollution loads and oxygen depletion. However, in recent years the oxygen levels in the Drammensfjord have improved slightly (NGI, 2010) . The water masses of all these fjords are stratified, varying from brackish surface water (salinity 1-10) to saline bottom water (salinity 30.5).
The combination of these two test areas provided a chance to sample a significant spectrum of contaminants' origins and impacts in a wide range of environmental conditions. Sediment samples were collected in 2014, during two cruises of the R/V Oceania, at 12 stations, i.e. 6 stations for each of the test areas above (Fig. 1) . The locations of the sampling stations were selected so as to represent both different exposures to contaminants and different environmental conditions (see Supplementary materials -Table A for details). The Gulf of Gdańsk samples were collected in Puck Bay (BMPK10, P104) and along the main spread of Vistula waters in this basin, up to the Gdańsk Deep (P110, P116, M1, P1). The Norwegian fjords samples were collected in the Drammensfjord (A, B) and in the inner Oslofjord (Vestfjord -C, Bunnefjord -D, E, F). The sediment cores were 20 or 10 cm long, de pending on the location (Fig. 1) . The sediments were taken with a Niemistö core sampler (in the Gulf of Gdańsk) and a GEMAX twincore sampler (in the Oslofjord/Drammensfjord), then sliced, sub-sampled, and stored at −20 °C.
The subsamples were analyzed to determine concentrations of multiple organic and inorganic contaminants, and to investigate sediment toxicity using relevant bioassays. Three different groups of organic contaminants, i.e. benzo(a)pyrene (B(a)P) and other polycyclic aromatic hydrocarbons (PAHs), nonylphenols (NPs) and organotin compounds (OTs), as well as three metals, i.e. cadmium (Cd), mercury (Hg) and lead (Pb), were chosen for this investigation. In addition, mutagenic and genotoxic activities, i.e. the dioxin-like activity (DR CALUX), activity against aryl hydrocarbon (Ah) receptor (PAH CALUX) and the endocrine-disrupting activity (ERα CALUX) of the sediments, were assessed. The concentrations of contaminants were related to environmental parameters of near-bottom waters and selected parameters of bottom sediments. Sediment handling of samples for metal analysis was done under nitrogen protective atmosphere. In addition, at two selected stations, P116 and E (one in each of the two areas), deeper sediment cores (334 and 384 cm, respectively) were also collected, in which background concentrations of metals were determined. These particular samples were taken in 2015, with a vibro corer (station P116) and gravity corer (station E), from the R/V IMOR and the R/V Trygve Braarud, respectively.
The contaminants selected for the present study have different origins but all are considered, and monitored, as priority hazardous substances (i.e. by HELCOM, OSPAR, Norwegian Environment Agency, Marine Strategy Framework Directive). These are both legacy contaminants (natural and anthropogenic: B(a)P and other PAHs, toxic metals), as well as more recent compounds (anthropogenic: NPs, OTs). The analytical methods used in the present study, for PAHs, NPs, OTs, metals, CALUX bioassays, as well as descriptions of additional measurements and statistical analysis, are included in the Supplementary materials -Methods.
The sampling locations in the two areas showed a high diversity of sediment types (from silty sand to clayey silt) and organic matter content (1.6-8%), as previously described in SzymczakŻyła et al. (2017 M1, P1), and at two stations in the Oslofjord (C, E). However, the B(a)P profiles along these sediment cores differed. In general, a declining trend in the deposition of B(a)P in the sediments was observed in both areas. Nevertheless, most of the samples of very recent sediments (0-1 cm) taken in the Norwegian fjords were less contaminated by B(a)P than those from the Gulf of Gdańsk (median: 39 and 101 ng g −1 d.w., respectively). Since B(a)P has mainly pyrolytic sources, and is introduced through atmospheric deposition, these downward trends, in both areas, seem to be a result of lower emission of airborne B(a)P due to global climate policy about reducing CO2 emission (EC, 2007) . The lower contamination of the Norwegian sediments (0-1 cm layer) could be related to an emission of CO2 about seven times lower in Norway than in Poland (EC, 2017). Only one sample, the deepest layer (15-20 cm) at station E, was slightly above T50 = 520 ng g −1 , i.e. the concentration that corresponds to 50% probability of toxicity (SQuiRT, 2008) . Based on the concentrations and Effects Range Median (ERM) indices of B(a)P and other nine PAHs (phenanthrene, anthracene, fluoranthene, pyrene, benzo(a)anthracene, chrysene, indeno(1,2,3-cd)pyrene, dibenzo(a,h)anthracene, benzo(ghi) perylene; Long et al., 1995; Nasher et al., 2013) , the mean ERM quotients were calculated (Fig. 2a) . The results indicated that the contamination level of PAHs was generally medium-low (0.1 < mERMq < 0.5),
corresponding to 30% probability of toxicity. It is worth emphasizing that sediments deposited in recent years (0-5 cm) were mostly classified as low contaminated (mERMq ≤ 0.1; 11% probability of toxicity), except for the stations: P1, M1, P116 (Gdańsk Deep), C (Vestfjord) and F (Bunnefjord), where the sediments were classified as medium-low contaminated with PAHs (0.1 < mERMq < 0.5). (Table 1 ). In the Gulf of Gdańsk, only tributyltin (TBT) and its degradation products (dibutyltin (DBT) and monobutyltin (MBT)) were found, whereas phenyltins (PhTs) were below the limit of detection (LOD). In the Oslofjord/Drammensfjord, both butyltins and (Fig. 2b, c) . According to the classification suggested by Zhao et al. (2012) , the vast majority of the stations were ranked as highly contaminated with both Cd and Pb (ICF > 6), while the others were recognized as considerably contaminated (3 < ICF < 6; for Cd -station C; for Pb -stations A, B, P1, P110, P104). The higher the ICF values, the higher is the ecological risk to the environment, due to lower retention time of metal. In this study, ICF values were particularly high at station E in the Bunnefjord, mostly for Cd (up to 140) but also for Pb (22). The ICFs for Hg were not calculated due to the lack of bioavailable fractions of this metal (concentrations < LOD). Based on the total metal content, the EFs were determined to evaluate changes of metal contamination in the study area, in comparison to the pre-industrial era. For what Cd and Hg enrichment is concerned, the highest anthropogenic input was observed mainly in sediments from the Gdańsk Deep and the Bunnefjord. According to the classification suggested by Zhao et al. (2012) , these stations were ranked as considerably (5 < EF < 20) or even highly (EF > 20) (Hg, station F) contaminated with Cd and Hg. As far as Pb is concerned, human input seems to have been low (EF < 2) or moderate (2 < EF < 5). It should be emphasized that a significant source of Cd, Hg and Pb is fossil fuel burning and consequent atmospheric deposition, involving long range transport of these metals, what have an important influence on the contamination level in the two sampling areas (HELCOM, 2017) .
Concentrations of NPs in individual sediment
Considering all contaminant levels, an attempt to evaluate the toxic potential of the sediments in the Gulf of Gdańsk and the Oslofjord/ Drammensfjord was made. Four different groups of contaminants, including six thresholds (for PAHs, NPs, TBT, and metals: Hg, Pb, Cd), were taken into account (Table 2 ). According to the established thresholds (detailed in Table 2 ) than in the Norwegian fjords (0.15-1.80 ng 17β-estradiol eq g −1 ). In both cases, however, these differences do not appear to be statistically significant (p > 0.05). The sediments from station BMPK10 (close to Gdynia) and from station D (in the Bunnefjord) were characterized by extremely high activity against the Ah receptor (870,000 and 230,000 ng B(a)P eq g −1 , respectively). No correlations between the detected activities and contaminant concentrations (i.e. PAH CALUX vs. B(a)P eq, ERα CALUX vs. NPs) were observed. This result indicates the presence of toxic agents that were not analyzed chemically in the present study, as well as inconstant ratios of these compounds relative to other ligands of the Ah receptor (in case of PAH CALUX) and of the cytosolic estrogen receptor (in case of ERα CALUX) (Windal et al., 2005) . It is also worth noting that relative potencies of individual compounds binding to receptors may be very different. These bioassays do not provide information about specific chemical compounds present in the tested samples, but they help characterize them on the basis of their specific activity, and constitute a valuable tool for screening in the risk assessment process.
Using all available data, both on different contaminants accumulated in the sediments and on environmental parameters of near-bottom waters (salinity, temperature, oxygen saturation) and sediments (grain-size, content of pigments and organic carbon), some correlations were identified, and differences between stations and areas impacted by various stressors were pointed out. Kmeans clustering was applied to show differences between specific locations, based on data for the whole cores, representing the load of contaminants deposited over the last ~100 years (Fig. 3a) , and separately for the very surface sediment layers (0-1 cm), to investigate relations for the current contamination status (Fig. 3b) in the two basins.
The results of factor analysis enabled the dataset to be reduced to two factors. The relationships of each variable to these factors, expressed by factor loadings, are presented in Table   4 . When considering the factors separately for the 0-1 cm layer, Factor 1 seems to be largely related to contaminants and organic matter, whereas Factor 2 may be associated with parameters of near-bottom water. It is worth noting that oxygen saturation had a negative projection on the second factor. As far as the whole cores are concerned, variables involving contaminants were correlated with both the first or/and second factor. Despite these differences, in both cases three cluster centers were found (Fig. 3a, b) : the first contains stations located in the Norwegian fjords, the second consists of two stations in Puck Bay, and the last groups together all the stations from the Gdańsk Deep, which is the main accumulation area for particulate matter and adsorbed contaminants in this part of the Baltic Sea. This 'geographical' outcome, resulting from a combination of both anthropogenic contaminant stressors (very different groups of contaminants originated from different sources) and environmental variables, suggests that water and sediment conditions have a significant impact on the level of contamination in sediments of a particular region. This may be also linked to possible transformation processes of organic contaminants, and to fractionation of metals dependent on environmental conditions.
In conclusion, the variability in contaminant levels of the Gulf of Gdańsk and the
Oslofjord/Drammensfjord appears to be comparable, but strong local variations can be observed between sampling stations. The multi-proxy investigation showed a declining trend in the deposition of organic contaminants (B(a)P, NPs, OTs) in the marine sediments of both basins. A similar trend was observed for the three metals considered (Cd, Hg, Pb), but only in the Norwegian fjords. The downward trend could be the result of the significant efforts that were made in recent years (e.g. by OSPAR, HELCOM, MSFD) to reduce discharges, emissions and losses of contaminants at sea (OSPAR, 2017c) . In general, the stations located in the Norwegian fjords were found to be more contaminated by organic compounds than those in the Gulf of Gdańsk (except for B(a)P, the concentrations of which were comparable in both basins). In addition, phenyltins were detected only in the Oslofjord/ Drammensfjord. Finally, no correlations between the results of chemical analyses and CALUX bioassays were observed.
On the basis of the indices applied in the present study, the sediments from the two basins
were not highly contaminated with PAHs, NPs and metals, while OT levels may give rise to concern in the Norwegian fjords. This result should not be underestimated, in particular because many countries have stopped monitoring OTs in sediments, after the use of such substances in antifouling paints for ships was prohibited in 2008 (EU, 2003a; IMO, 2001 ).
Finally, although anthropogenic influence on contamination levels in sediments is indisputable, the results of the statistical analysis presented here indicate that the level of contaminants in marine sediments depends not only on the exposure to contaminants, but also on the water and sediment conditions in particular region.
Figures Fig. 1 . Sampling location. ⁎ Statistically significant at p < 0.05.
